abstract: We present a framework to explain how prey stress responses to predation can resolve context dependency in ecosystem properties and functions such as food chain length, secondary production, elemental stoichiometry, and cycling. We first describe the major nonspecific physiological stress mechanisms and their ecologically relevant consequences. We next synthesize the evidence for prey physiological responses to predation risk and demonstrate that they are similar across taxa and fit well within the general stress paradigm. We then illustrate the utility of our idea by applying our understanding of the ecological consequences of stress to explain how herbivoreprey physiological antipredator responses affect ecosystem dynamics. We hypothesize that stressed herbivores should forage on plant species with higher digestible carbohydrates than should unstressed herbivores to meet heightened energy demands. Increased consumption of carbohydrate-rich plants should reduce their relative abundance in the community, hence altering the quantity and quality of plant litter entering the detrital pool. We further hypothesize that stress should change the elemental composition and energy content of prey excreta, egesta, and carcasses that enter the detrital pool. Finally, prey stress should lower energy and nutrient conversion efficiency and hence the transfer of materials and energy up the food chain, which should, in turn, weaken the association between ecosystem productivity and food chain length.
Introduction
Predation is a ubiquitous food web interaction that cascades to influence ecosystem properties and functions (Carpenter et al. 2001; Schmitz 2006 Schmitz , 2008b Stief and Holker 2006; Frank 2008; Bump et al. 2009; . Cascading effects of predators are widely thought to arise by two classes of mechanism (Werner and Peacor 2003; Preisser et al. 2005; Abrams 2007 ): consumptive interactions, in which predators kill and consume prey, and nonconsumptive interactions, inducing phenotypic defense responses such as habitat shifts or reduced mobility, enhanced escape performance, induction of defensive morphologies, and changes in life-history traits. These two mechanisms are often treated as dichotomous alternatives (Peacor and Werner 2001; Schmitz et al. 2004; Preisser et al. 2005; Creel and Christianson 2008) . Evidence suggests, however, that they instead represent end points on a continuum in which prey exhibit graded phenotypic responses that are contingent on predator hunting mode and prey and predator habitat domain Schmitz 2005; Preisser et al. 2007) . The emerging generality is that predator effects in ecosystems can be viewed as contextdependent manifestations of prey phenotypic responses to predation risk that have cascading effects on ecosystems (Schmitz 2008a .
This general insight nonetheless presents a challenge for developing predictive theory of ecosystem functioning. This is because using phenotypic plasticity as a way to understand the basis for context dependency at the ecosystem scale requires bridging the conceptual divide between largely reductionist organismal ecology, which focuses on species identity and functional traits, and largely holistic ecosystem ecology, which focuses primarily on biophysical properties such as organic matter pool content, soil elemental content, and energy and element flux (Loehle and Pechmann 1988; DeAngelis 1992; Levin 1992; Holt 1995; Loreau 2010; . Bridging the divide requires identifying evolutionary ecological mechanisms for the induction of phenotypic plasticity that transcend biotic taxa and have a common currency (e.g., energy and element flux) linking organismal traits and biophysical processes (Schmitz 2008b; Raubenheimer et al. 2009) .
Researchers have documented an astounding diversity of behavioral, morphological, and life-history responses of prey to predation risk. This work has substantially improved our understanding of how prey species respond to their predators and has revealed the effects of phenotypic plasticity on trophic interactions and, consequently, on community structure. However, this conceptual framework is focused on species identity and behavioral, morphological, and life-history traits and so does not supply the common currency needed to directly link prey responses to predation and biophysical processes. For example, attempts to reduce the probability of being killed by a predator may alter decisions made by prey about where to feed, when to feed, how to feed, and on what to feed (Hawlena and Pérez-Mellado 2009 ). Consequently, current theory allows us to predict how predation risk should alter the identity and relative abundance of species in an animal diet. However, current theory lacks the ability to connect those predicted changes to changes in energy and element flux and hence to make predictions about how prey responses to predation should affect ecosystem functioning.
We propose that the physiological stress response of prey to predation risk represents one common and fundamental mechanism-a mechanism that is widely evident regardless of taxon and spatial and temporal scale of systemsthat can help to explain context dependency in ecosystem functioning. Physiological stress is a general adaptive syndrome of neuroendocrine processes geared to increase survivorship during life-threatening situations (i.e., stressors) and to maintain physiological homeostasis (Wingfield and Ramenofsky 1999) . The physiological processes underlying stress responses involve the allocation of resources to support emergency functions and therefore may alter individual nutritional budgets (i.e., energetic and elemental requirements). The fundamental neuroendocrine processes and the main molecules involved are similar and well preserved throughout evolution, leading to remarkably similar stress responses across phyla (Ottaviani and Franceschi 1996; Wingfield and Ramenofsky 1999; Stefano et al. 2002; Sorensen et al. 2003; Denver 2009 ). Those fundamental reactive processes are largely nonspecific and can be evoked by different stressors, even though contextdependent variation is still expected in response to a particular stressor or living environment (e.g., Bonga 1997) . When first described in the beginning of the twentieth century, physiological stress was interpreted as an adaptive response to life-threatening situations such as a predator attack (fight-or-flight [Cannon 1915 ], general adaptation syndrome [Selye 1936]) . Given this idea's long history, it is remarkable that ecologists have only recently begun to explore the trophic implications of stress in studies of predator-prey interactions (Preisser 2009) .
Our goal here is to develop, by way of synthesis of different ideas and empirical evidence, a conceptual framework to advance hypotheses on how predator-induced stress in individual prey leads to context-dependent effects on food web dynamics and ecosystem functioning. We therefore contribute to an emerging interest in linking physiological stress to ecosystem function (Schimel et al. 2007 ). In developing this framework, we are not suggesting that stress is the sole mechanism explaining all degrees of context dependency at the ecosystem scale, nor do we claim that prey physiological responses to predation are mutually exclusive of behavioral, morphological, or lifehistory antipredatory responses. Rather, we make a case for the usefulness of stress responses to predation as one general way to begin linking phenotypic changes at the organism level and biophysical processes at the ecosystem level in an endeavor to develop a more unified and synthetic theory in ecology.
We develop our framework in three sequential steps, beginning with the basics and scaling to the ecosystem. Because stress response to predation risk is not yet treated as an integral part of predator-prey interaction models, we begin by describing the major nonspecific physiological mechanisms of stress-the general stress paradigm-and their ecologically relevant consequences. Using this general stress paradigm as a way to organize our thinking, we then synthesize the evidence for prey physiological responses to predation risk and demonstrate that they are similar across taxa and fit well within the general stress paradigm. We end by synthesizing ideas from different subfields of functional ecology to build a conceptual framework that provides testable hypotheses about linkages between individual-scale predation-induced stress physiology and ecosystem-scale properties and functions. We illustrate the utility of the approach by using three important scaling pathways ( fig. 1 ).
The General Stress Paradigm

Stress: Physiological Mechanisms
An extraordinary amount of research in physiology, neurology, endocrinology, ethology, biochemistry, and psychology has been directed at understanding the physiology and neurochemistry of stress responses and their biological consequences. Details of the complex neuroendocrine mechanisms involved in stress and their substantial consequences on animal physiology, behavior, and life-history traits are presented elsewhere (e.g., Ottaviani and Franceschi 1996; Moberg and Mench 2000; Sapolsky et al. 2000; Sorensen et al. 2003; Charmandari et al. 2005; Fink 2009 ). We distill these insights here in order to sketch out the utility of the stress paradigm as a basis for making ecologically relevant predictions.
Mounting evidence suggests that stress responses evolved first in simple organisms and were then maintained and enhanced during evolution (Ottaviani and Franceschi 1996; Ottaviani et al. 1998; Wingfield and Ra- resource choice and community structure; (2) elemental composition of prey tissue, excretions, and egestions and nutrient cycling; (3) prey secondary production and food chain length. The solid lines represent direct flow of energy and materials, the dotted lines represent regulation pathways, and the dashed lines represent shifts in plant community composition. We depicted the three trophic levels as a composition of two different food chains to emphasize that the suggested pathways are not taxon or ecosystem specific. For example, in pathway 1 the risk of predation induces a stress response that alters herbivore nutrient requirements, forcing them to consume plants rich in labile carbohydrates. Increased consumption of these plant species decreases their relative abundance, altering the plant community composition and, consequently, the quantity and quality of plant litter entering the detrital pool. Similarly, in pathway 3, the risk of predation induces a stress response that decreases herbivore conversion efficiency of food to body tissues, decreasing the flow of energy and material upward through the food chain. menofsky 1999; Stefano et al. 2002; Sorensen et al. 2003; Denver 2009 ). Thus, like the differences in immune systems between vertebrates and invertebrates, the invertebrate neuroendocrine systems involved in stress can be considered a subset of the vertebrate systems (Ottaviani and Franceschi 1996; Stefano et al. 2002) . Below, we describe the well-studied mammalian model system. Given the evolutionarily conserved nature of the neuroendocrine processes involved, insights gleaned from this example are likely applicable to other animal taxa.
Stress responses are elicited after environmental stimuli are perceived by the sensory system. In mammals, the hypothalamus then releases a corticotropin-releasing factor (CRF) that activates the primary neuroendocrine systems involved in stress. These systems are the sympathetic-adrenal-medullary (SAM) axis and the hypothalamic-pituitary-adrenal (HPA) axis. The SAM axis prepares the body to make a sudden physical reaction of either approach (fight) or escape (flight). Activation of the SAM axis in response to an environmental stressor occurs very rapidly (tenths of a second). Elevated levels of CRF cause the medulla of the adrenal gland to release catecholamines (i.e., epinephrine and norepinephrine). Elevated levels of catecholamines increase heart rate, respiration, blood flow, and blood pressure and can decrease activity in the gastrointestinal tract. Excitation of the SAM axis wanes quickly, owing to reflex activation in the parasympathetic nervous system. Thus, the SAM axis operates on a time frame of seconds to minutes. The HPA axis ensures that the brain and other organs, essential to surviving the threatening episode, have adequate energy sources and that other organs and processes do not compete for those resources. Activation of the HPA axis occurs somewhat more slowly (minutes to hours) than does that of the SAM axis and involves a cascade of processes that ensures amplified and relatively protracted hormone secretion (hours to days). In particular, in response to increased levels of CRF, the pituitary gland releases adrenocorticotropin (ACTH). Increased levels of ACTH induce synthesis and secretion of glucocorticosteroids (e.g., cortisol, corticosterone) by the adrenal cortex (or by adrenocortical homologues in other taxa). Elevated levels of glucocorticosteroids promote gluconeogenesis (i.e., the breakdown of stored noncarbohydrate nutrients into glucose), especially from proteins. High glucocorticosteroid levels also increase blood pressure, cardiovascular function, and respiration (Bonga 1997; Wingfield and Ramenofsky 1999; Sapolsky et al. 2000; DuRant et al. 2008) . Concomitantly, glucocorticoids inhibit growth and reproduction and impair immunity, as well as the inflammatory response (Oppliger et al. 1998; Wingfield and Ramenofsky 1999; Sapolsky et al. 2000; Busch et al. 2008) . Glucocorticosteroids feed back on the hypothalamus and pituitary gland, inhibiting further release of CRF and ACTH.
Another well-studied stress response involves the increased synthesis of heat shock proteins (Hsps). Hsps are highly conserved proteins (i.e., chaperones) that play an important role in assisting in the establishment of proper protein conformation, prevention of unwanted protein aggregation, and transportation of proteins across membranes within the cell (Sorensen et al. 2003) . Stress-related damage to cellular and molecular structures may necessitate the increased production of Hsps to protect cellular functions. However, increased Hsp synthesis entails costs such as alteration of normal cell functions, extensive energy demand for Hsp synthesis, and even toxicity (Sorensen et al. 2003) . Hsp levels decrease to normal hours after the stress response is activated.
Stress-Induced Changes in Ecologically Relevant Traits
Activation of stress responses results in metabolic and developmental changes (Wingfield et al. 1998) . This, in turn, has many consequences for the functional role of animals in food webs (table 1). Stress responses improve an animal's survival in life-threatening situations ) but interfere with essential body functions (table 1). Whether perturbations of those functions are ecologically relevant depends on the frequency and duration of the stressful events. Animals exposed to single acute stressors can compensate for the short-term physiological perturbation as soon as the stressor abates, with little or no structural or functional consequences. Exposure to longlasting stressors (e.g., chemical cues for predator presence) or frequent exposure to acute stressors (e.g., predator attack), however, may prevent the attenuation of stress hor-mones and Hsps to preexposure levels. This leads to prolonged inhibition of essential nonemergency body functions, accumulation of destructive effects on molecular and cellular structure and functions, and nutritional imbalance (emergency life-history stage; Wingfield et al. 1998) . Animals can lessen the adverse effects of stress by adjusting the magnitude of the stress response to the perceived levels of risk and by reducing the severity of the physiological stress responses over time (McCarty et al. 1988; Rich and Romero 2005; Barcellos et al. 2010) . Alternatively, animals may chronically heighten their sensitivity to stressors (Blanchard et al. 1998; Romero 2004; Bell et al. 2010) . Regardless of whether long-lasting predation risk leads to enhanced or weakened physiological stress response, it should affect multiple traits involved in mediating food web interactions (table 1) .
As the mammalian model system demonstrates, stress responses directly inhibit growth, development, and reproduction and may also impair digestive efficiency and immunocompetence. Stress has indirect effects as well. Elevated levels of catecholamines and glucocorticosteroids increase metabolism and cardiovascular function. Increased metabolism accompanied by increased synthesis of Hsps should lead to increased energy expenditure while the animal is at rest. In nutrient-limited systems, such increased maintenance costs lead to a concomitant reduction of energy available for production (growth and reproduction) because of the need to allocate finite resources among the competing demands of maintenance, growth, and reproduction (DuRant et al. 2007 ). This is compounded by the fact that the greatest proportion of nutrient (i.e., energy and material) intake in animals is used to meet maintenance costs and exacerbated further because stress leads to inhibition of digestive processes. Thus, elevated maintenance costs should reduce the conversion efficiency of assimilated nutrients into body tissues. Regardless of any antipredator behavioral changes that may affect consumption rates, stressed animals are thus expected to grow more slowly or lose mass.
Chronic increases in glucocorticosteroid levels also increase the breakdown of body proteins to produce glucose, thereby substantially changing body nutritional composition to include more labile carbohydrates and less Nrich proteins. Gluconeogenesis of proteins may increase nitrogen (ammonia or primary amine) excretion (e.g., Whiles et al. 2009 ). Because proteins are the major biomolecules containing N in animals (Sterner and Elser 2002) , reduction in body protein content should lead to increased body C : N content. Depletion of nutrient stores (e.g., amino acids) to fuel increased energy demands may also impair growth rate, development, and reproduction long after the direct inhibitory effect of elevated glucocorticosteroid levels has ceased.
Stress Responses to Predation Risk and Their Consequences
We next synthesize the available literature on prey stress response to predation risk. In addition to documenting the similarity of stress responses to predation risk across multiple taxa, this synthesis will serve as a bridge to connect the physiological stress paradigm to ecosystem functioning. Our goal here is to illustrate how the physiological stress paradigm can help to explain a broad range of predator-induced physiological responses of prey. We consider only studies that used wild animals because predatorinduced physiological responses of captive-bred animals can deviate substantially from those of wild animals (e.g., Sundstrom et al. 2005; Pravosudov 2007 ).
Evidence for Stress Responses to Predation Risk
In general, physiological responses of wild animals to predation risk fit well within the general stress paradigm (table  2) . Physiological responses to predation risk have been documented in aquatic and terrestrial invertebrates (Mollusca, Insecta, and Crustacea) and in vertebrates of all classes. Those responses were invoked by visual, chemical, and vocal cues produced by invertebrate and vertebrate predators. Documented responses included increased levels of glucocorticosteroids and Hsps, increased cardiovascular activity, and increased respiration or ventilation (table 2). Most of these responses were measured in response to short exposure to predation risk. Chronic or frequent exposure to predation risk generated similar responses with few exceptions. Daphnia magna increased respiration in response to predator cues in one experiment (Beckerman et al. 2007 ) but did not show any physiological responses to predation risk in other experiments (Stibor and Machacek 1998; Pauwels et al. 2010) . Differences between studies may be explained by clone-dependent responses or by differences in the experimental design (Pauwels et al. 2010) . Also, fish and tadpoles were shown to reduce cardiovascular and respiration activity (Holopainen et al. 1997 ; see also Brown et al. 2005; Steiner and Van Buskirk 2009) and to suppress the HPA axis (Fraker et al. 2009 ) in response to chronic predation risk. At the same time, these species altered their life histories or developed defensive morphologies in response to predation cues. Those alternative defense responses may mitigate the risk of predation, reducing the need to engage in costly physiological responses. Moreover, it is possible that the low metabolic rate arises from the need to reduce energy expenditure to compensate for the development of potentially costly morphological changes. All other cases showed no apparent induction of defense morphologies, suggesting that they are not a widespread response to risk among animal taxa. Nevertheless, one avenue of future research is to explore whether morphological and life-history inducible defenses mitigate physiological stress responses and vice versa.
Consequences of Chronic Stress Responses to Predation Risk
As predicted by the general stress paradigm (table 1) , wild animals facing predation risk are capable of altering their physiology in ways that could impact ecosystem properties and functions. These can include reduced assimilation efficiency and production (growth and reproduction) and altered body nutrient contents. All of the cases listed in table 3 measured the association between risk-induced physiological responses and alteration of prey traits. However, a few examples (marked with a footnote) should be interpreted cautiously because we cannot rule out alternative mechanisms capable of generating similar trait changes that may contribute to the overall observed result (e.g., reduced foraging efficiency).
Reduced conversion efficiency of ingested nutrients into body tissues was found in damselflies, snails, and lizards. Enallagma damselflies substantially reduce the conversion efficiency of ingested food into their own biomass from 16.6% when raised in isolation to 5.6% when exposed to chronic risk of fish predation (McPeek et al. 2001 ). Snails exposed to chronic predation risk by green crabs reduced their conversion efficiency by 44%-76% and food consumption by 31%. Together those changes led to a 60%-83% reduction in overall tissue production (Trussell et al. 2006) . In lizards, predation risk caused 2.9% loss in body mass but did not affect food consumption. Impaired conversion efficiency that was not compensated for by increased food consumption led to decreased growth rate in damselflies and snails and to a considerable loss of body mass in lizards. Reductions in growth rate or loss of body mass were also documented in killifish, Arctic charr, frog tadpoles, stonechats, and hares, but in those studies the authors did not rule out decreased food consumption as an additional cause (table 2) .
Chronic predation risk leads to changes in prey body composition expected after the induction of gluconeogenesis. Chronic risk of dragonfly predation decreased protein content in damselflies ) and increased glucose content in European carp (Polednik et al. 2008) , snow hares (Boonstra et al. 1998) , and Arctic ground squirrels (Hik et al. 2001) . Song sparrows exposed to elevated risk of predation increase free fatty acids levels relative to those of sparrows from lower-risk habitats (Clinchy et al. 2004) . Glucose levels in this species were not affected by the level of predation risk, perhaps because free fatty acids power the flight muscles (an important escape mechanism) and glucose powers the leg muscles (important for foraging; Clinchy et al. 2004) . Chemical cues of predatory pikeperch increased lipid content in Arctic charr (Laakkonen 2006) . A similar pattern was found in stonechats under chronic risk of shrike predation. Stonechats had no change in the visible subcutaneous fat deposits (i.e., fat scores) but suffered a substantial loss of body mass, suggesting a reduction in protein-rich body tissue such as muscles (Scheuerlein et al. 2001 ).
Gluconeogenesis of proteins should increase excretion of nitrogen wastes in the forms of ammonia, uric acid, or urea. Elevated levels of urea were found in European carp that were exposed to chronic risk of otter predation (Polednik et al. 2008) . Increased excretion of N-rich compounds should lead to an increase in the overall body C : N ratio. Indeed, grasshoppers exposed to chronic risk of spider predation had a higher body C : N ratio than did grasshoppers from risk-free environments. This occurred because stressed grasshoppers maintained the same C balance as in risk-free conditions but released more N than in risk-free conditions . This outcome arises despite the fact that the grasshoppers selected diets with higher carbohydrate contents to fuel heightened respiratory demands under predation risk. In addition to impaired growth efficiency and altered body composition, stress responses to predation risk were found to reduce development and reproduction and to impair immunocompetence (table 3) .
In summary, the synthesis reveals that a wide variety of prey taxa exhibit similar physiological responses to predation risk. Those responses fit well with expectations of the general stress paradigm, suggesting that stress is an evolutionarily conservative antipredator response. Moreover, long-lasting stress responses to predation risk reduce prey efficiency in converting ingested food to body mass and alter the nutrient composition of prey body and excretions. These changes can alter the role prey play in regulating energy and material transfer and consequently affect ecosystem properties and functions. Thus, stress responses to predation risk offer a qualitative way to begin linking risk-related stress responses to ecosystem functioning.
Incorporating Stress into Ecosystem Concepts
Trophic dynamics-the process of energy and materials transfer-is fundamental to the organization and functioning of ecosystems by governing primary and secondary production, food chain length, trophic biomass, and species diversity (Lindeman 1942; Hutchinson 1959; Post 2002; Gruner et al. 2008) . In recent years, two bodies of theory-the theory of ecological stoichiometry and the metabolic theory of ecology-have been used to explain variation in trophic dynamics by scaling processes at the individual level to higher levels of biological organization (Sterner and Elser 2002; Brown et al. 2004; Allen and Gillooly 2009; Hillebrand et al. 2009 ). We use these conceptual frameworks to demonstrate how predictions of the physiological stress paradigm can be used to scale plasticity in energy and elemental budgets at the individual level to processes at the community and ecosystem levels.
The theory of ecological stoichiometry is based on the fact that different classes of major biomolecules have a distinctive elemental composition that allows associating organismal nitrogen (N), phosphorus (P), and carbon (C) stoichiometry with biological function. For example, carbohydrates (except chitin and peptidoglycan) and neutral lipids contain C but not N or P. Proteins, on the other hand, contain C but also about 17% N. Consequently, breakdown of protein to produce glucose should increase body C : N ratios. Ecological stoichiometry suggests that energy and material transfer (i.e., resource uptake, production, and excretion) at the individual level is constrained by the imbalance between the content and molar ratio of C : N : P available in resources and necessary for maintenance and production (Sterner and Elser 2002) . Consumers are limited by various elements, depending on their metabolic and somatic demands (Sterner and Elser 2002) .
Stoichiometric models assume that digestible carbohydrate C intake is primarily used to fuel respiration and secondarily allocated to production, whereas N or P intake is used exclusively for production. It is further assumed that N or P for maintenance is recycled within the body (Sterner 1997; Frost et al. 2006 ). Consumers regulate their homoeostatic balance of C : N : P by respiring excess C or excreting excess inorganic N and P (Sterner 1997) . Theory suggests that context dependency in the extent to which elements are allocated to production arises from differences in both resource quality (digestible C : N : P content) and quantity among environments. These factors may also determine which of the elements becomes most limiting to production. For example, food quality may be immaterial in environments with very low food quantity. This is because most if not all resource intake will be devoted to supplying C for respiration, with negligible amounts left over for production (Sterner 1997) . Consequently, there will be minimal if any demand for N or P. Higher resource quantity allows excess intake to be allocated to production, at which time balancing elemental ratios factors into resource intake. The mechanism determining this plasticity is encapsulated in the concept of the threshold elemental ratio (TER)-the dietary mixture where growth limitation switches from one element to another (Sterner 1997; Sterner and Elser 2002) .
In situations where resources are abundant, we can explore how the TER is expected to change by using the following formula based on species' physiology (Frost et al. 2006) . The TER for C and N reflects both animal body C : N ratios and the proportion of ingested C used for growth (i.e., gross growth efficiency of C, GGE C ). GGE C can be expressed as the percentage of ingested C that was assimilated into new growth:
where A C is the assimilation efficiency of C, I C is the massspecific ingestion rate above a saturating food level, and R C is the mass-specific respiration rate. TER C : N can be expressed as the product of physiological nutrient efficiencies and body elemental composition:
where A N is the assimilation efficiency of N and Q C and Q N are the proportions of animal dry mass in C and N, respectively. The stress paradigm holds that prey exposed to elevated risk of predation should increase their mass-specific respiration rate (R C ). Consequently, GGE C will become lower and TER C : N will become higher. This implies that increased energetic demands for maintenance may lower the quantity of C that can be allocated for production and consequently limit the quantity of N that can be used for production. To maintain homeostatic C : N balance, ingested N that cannot be used for production must then be excreted. The need to release N arises because consumers have limited ability to store excess inorganic elements. To minimize the costs of ingesting and excreting excess N, stressed prey should prefer resources with different elemental ratios (higher proportions of digestible carbohydrate C) than when under risk-free conditions. This reasoning also connects elemental stoichiometry with the observation that stressed animals should switch their lifehistory stage from one devoted to growth or reproduction (production) to one of fulfilling emergency life-history (maintenance) functions (Wingfield et al. 1998) .
Similarly, the metabolic theory of ecology suggests that energy and material budgets at the individual level are constrained by the biochemistry and physiology of metabolism (Brown et al. 2004) . Metabolism dictates the rates at which organisms are taking up resources from the environment, using them for biological structure and functions, and excreting them back into the environments. This theory suggests that organism body mass and body temperature dictate per capita metabolic rate. This implies that the regulatory role an organism of a certain mass plays in trophic dynamics should not be affected by interactions with other organisms. But again, given that stress responses to perceived predation risk enhance prey basal metabolic rates, the role of organisms in regulating energy and material transfer will likewise change. We now illustrate how this foundational understanding of the connection between stress physiology, resource quality and quantity, and elemental stoichiometry can be used to explain context dependency in ecosystem function. To do so, we explore three pathways that can determine the level of ecosystem functioning: (1) the effect of stress on herbivore-prey resource choice and, consequently, plant community structure; (2) elemental composition of prey waste products of metabolism and other nonuseful materials (i.e., excretion), undigested material (i.e., egestion), and body and nutrient cycling; and (3) prey secondary production and food chain length.
Prey Resource Choice to Community Structure
We begin by proposing a novel means by which predation risk might induce diet shifts. Conventional theory predicting predation risk effects in food chains (e.g., Abrams 1984; Bolker et al. 2003; Krivan and Schmitz 2004 ) is based on the argument that prey decrease the risk of predation by altering their foraging-time budgets (e.g., reducing movement activity, increasing vigilance), seeking temporal and spatial foraging refuges, and consuming resources that require less handling time. In all these cases, predation risk should impose constraints on prey by directly forcing them to make alternative resource choices or to eat less of the preferred food-a nutrient cost of predation risk (Hawlena and Pérez-Mellado 2009 ). This would imply that risky conditions force prey into a situation leading to less favorable nutrient intake and hence elemental imbalance. A major prediction of this classic hypothesis is that factors that mediate the risk of predation (e.g., habitat structure or time) and not variation in the nutritional value of alternative resources are what should govern prey diet shifts. Consequently, this hypothesis allows us to predict how predation risk should affect the relative abundance of species in a community but cannot allow us to directly link those changes to energy and material transfer in ecosystems.
The integration of the stress paradigm with stoichiometric and metabolic concepts leads to an alternative perspective for the motivation of some of the behavioral changes observed in prey in response to predation risk. Prey stress responses to predation risk involve increased respiration rate and decreased assimilation efficiency, suggesting that altered resource consumption by prey may also be an indirect effect of predation risk. In such cases, the resultant shift in resource consumption may not be the consequence of a directly imposed constraint; rather it may be an active choice by prey to match the new nutritional requirements that accompany the adaptive stress responses in order to achieve homeostatic nutritional balance. Moreover, because foraging activity is energetically costly, reduced activity may, in fact, be geared to decrease the extent to which stress-heightened energetic requirements become further elevated. Thus, we hypothesize that risk-induced changes in prey feeding ecology and diet choice should be governed by differences in the nutritional value of alternative resources. More specifically, we predict that prey exposed to predation risk should seek resources with a higher quantity of digestible carbohydrate C and a lower quantity of digestible protein N than should prey from risk-free environments. This idea can be tested by manipulating food resources in a way that separates their nutritional value from other associated factors (e.g., location, physical structure) that can potentially reduce prey vulnerability to predation (e.g., refuge availability or handling time). An alternative approach is to manipulate the nutritional quality of the food, for example, alter resource protein N or carbohydrate C levels in ways similar to those used in studies testing escape and foraging theories by altering the amount of food reward while keeping the risk factors constant (e.g., Cooper et al. 2006) . Then, by exploring food choice under risky and risk-free conditions, individual prey should reveal through their preferences the factors governing the diet change. In a similar way, increasing the prey accessibility to digestible carbohydrates makes it possible to disentangle whether reducing mobility in risky conditions is driven by either a physiological need to conserve energy or a behavioral need to escape detection by predators.
The dietary consequences of prey behavioral and physiological responses to predation risk are not necessarily mutually exclusive. Behavioral attempts to reduce predation risk can synergistically or antagonistically affect the diet shift predicted by the stress paradigm, depending on the community composition and environmental properties characterizing a specific system. However, assuming that active resource choice to fulfill stress-induced nutritional balance is an evolutionarily conservative antipredator response, such defense behaviors should just add system-specific variation to the nutritionally based diet shift.
Under this assumption, we now consider how stressinduced changes in resource choice may affect community structure and ecosystem functioning. To do so, we follow the conceptual foundation of a trait-based approach suggested by Webb et al. (2010) . For illustrative purposes, we focus on interactions involving predator, herbivore prey, and plants, but given the consistency of stress responses among taxa (tables 2, 3), a similar approach could be used Figure 2 : Trait-based model describing how changes in herbivore food choice in response to predation risk may affect plant community composition and, consequently, ecosystem functioning. For simplicity, we demonstrate our approach using the univariate trait percent nitrogen instead of a functional matrix. The thin arrows linking the herbivore to the ecosystem functions depict the effect of stress-induced changes in the herbivore excretion, egestion, and body composition in response to predation (for details, see fig. 1 ). The figure illustrates that herbivore foraging for nutrients (middle frequency distributions) is different from the distribution of available nutrients in the plant community (uppermost frequency distribution). The level of predation risk can induce shifts in herbivore foraging preferences that then have cascading effects on plant community composition and ecosystem functioning.
to predict effects of apex predators on tertiary consumers and so on.
Plant species vary in their chemical composition (e.g., percent digestible carbohydrates, percent lignin, percent protein, percent cellulose, allelochemicals) and hence nutritional value (Schmitz 2008b; Raubenheimer et al. 2009 ). This variation generates a frequency distribution of nutritional values that reflect the relative distribution of the different functional groups in a community. Plant nutritional composition is associated with functional traits such as growth rate, life strategy, height, stress tolerance, and litter chemical composition (e.g., Poorter et al. 1990; Carrera et al. 2003; Gusewell 2004; Villar et al. 2006) . Selective consumption of plants with preferable nutritional values turns herbivores into performance filters (Webb et al. 2010 ) that reduce the relative abundance of preferred plant species in the community ( fig. 2) . The stress paradigm then predicts that herbivores stressed by the risk of predation should alter their diet to prefer plants that are richer in digestible carbohydrates (C) and poorer in digestible proteins (N) or nucleic acids (N, P) than plants preferred by herbivores under risk-free conditions. Consequently, herbivores threatened by predation risk should alter plant community structure by excluding from their diet a higher proportion of species that have relatively high N and P content. Moreover, selective herbivory on those plants should alter the frequency distribution of additional functional traits that are directly associated with nutritional value. For example, a herbivore exposed to increased predation risk should change its feeding preferences to consume more carbohydrate-rich, slow-growing forbs rather than protein-rich, fast-growing grasses and consequently increase the relative abundance of grasses in the community (e.g., Schmitz 2003 Schmitz , 2006 . Future research should test whether predation-induced changes in plant communities are indeed associated with an increase in the relative abundance of species with relatively high digestible protein N content and with a decrease in the relative abundance of species with relatively high digestible carbohydrate C content.
Stress-Induced Changes in Chemical Composition of Detritus Pool
Important factors affecting ecosystem processes (e.g., decomposition, mineralization) and properties (e.g., productivity) are the chemical composition and physical structure of the organic materials entering the detrital pool and the chemical composition of the excreted inorganic materials (McNaughton et al. 1988; Ritchie et al. 1998; Vanni 2002; Shurin et al. 2006; Schmitz 2008b ). The main way in which predators are expected to affect the detritus pool composition is by altering herbivore diet and, consequently, plant community composition ( fig. 1 ). This is because plant litter is by far the most abundant resource entering the detrital pool (Hairston and Hairston 1993; Cebrian 1999) . Chemical composition of live plant material is associated with the chemical composition of senesced plant material and, consequently, with the chemical composition of plant litter (Palkova and Leps 2008) . For example, evergreen shrubs exhibited low N concentration in green leaves, high N concentration in senesced leaves, and low N resorption from senescing leaves. In contrast, fast-growing perennial grasses show high N concentration in green leaves, low N concentration in senesced leaves, and high N resorption from senescing leaves (Carrera et al. 2003) . Changes in herbivore food choice in response to predation risk that reduces foraging pressure on N-rich grasses, for example, should lead to an increase in the relative abundance of grasses and ultimately reduce the overall protein N content of plant litter entering the detritus pool. Changes in the plant community that alter plant litter nutritional content are not the only pathway by which stress responses to predation risk can alter rates of elemental recycling. Stress responses to predation risk involve increased metabolism and gluconeogenesis of body proteins. Increased metabolism enhances the release of metabolic waste products, and gluconeogenesis increases the release of body N-rich compounds, altering the quantity and elemental composition of herbivore excretions (e.g., Kiesecker et al. 1999; Christianson and Creel 2010) .
Gluconeogenesis coupled with lower N assimilation may also lead herbivores to include more C (carbohydrates) and less protein N into their bodies, leading to altogether different body chemical composition than under risk-free conditions (e.g., Boonstra et al. 1998; Hik et al. 2001; Stoks et al. 2005; Polednik et al. 2008) . Stress-induced changes in body elemental composition thus provide one explanation for recent research documenting high intraspecific variation in elemental composition that cannot be explained by existing theoretical frameworks and was attributed mostly to differences in forage quality (Bertram et al. 2008; Hamback et al. 2009 ). Thus, studies that compare the relative importance of forage quality and predation risk in determining prey body composition should be an interesting direction for future research.
To regulate their homoeostatic balance of C : N : P most efficiently, stressed herbivores should minimize assimilation of excess N and P that would later need to be excreted. Herbivores can regulate N and P intake by selecting different diets and/or through selective assimilation of different nutrients. Consumption of plant material with lower N content should decrease the relative N content in egested material, while selection through assimilation should increase the relative N content in egested material. Because these mechanisms produce opposite results and can operate concurrently, the net result is currently hard to predict. For example, egesta of grasshoppers reared under chronic risk of spider predation had N content similar to that of egesta produced by grasshoppers reared in riskfree conditions , while elk exposed to risk of wolf predation egested relatively more N than did individuals from lower-risk environments (Christianson and Creel 2010) . We cannot at this time say which pathway of nutrient selection is the more general one because few studies have explicitly examined nutrient dynamics at this interface. A way to empirically test these pathways is to feed stressed prey diets of known nutritional values and to monitor their egesta nitrogen content. This represents an important research frontier, given the potential importance of these different pathways to the contribution to nutrient cycling.
A further consideration involves the scaling from individuals to populations. Stressed animals are expected to be more vulnerable to various mortality agents (e.g., parasites and infection, weather) than are nonstressed animals. For example, in annual species, stress responses to predation may cause mortality to occur throughout the season rather than as a discrete mortality event at season's end. Stressful conditions may thus provide a more homogenous distribution of carcass input to the detrital pool. Post et al. 2000) . The dashed lines represent the expected relationship according to the stress paradigm hypothesis and demonstrate that predation risk-induced stress can cause outcomes that converge on the trend between productivity and food chain length predicted by the ecosystem size hypothesis.
Consequently, changes in quality, quantity, and temporal distribution of high-quality detritus (carcasses), excretions, and egested organic material may substantially alter the structure and dynamics of the decomposer communities (Yang 2004; Yang et al. 2010) . Those changes can facilitate carryover effects that remain long after the carcasses and wastes have been recycled. In ecosystems with large pools of refractory detrital C, increased availability of N and P may speed up the rate at which C is being processed and ultimately alter ecosystem-level patterns of C accumulation (Cross et al. 2007 ). Thus, although carcasses and waste material are likely to be of much lower quantity than plant litter material, stress-induced changes in the quantity and quality of carcasses and waste material can have a disproportionally large effect on decomposition processes.
While stress responses to predation risk can generate testable predictions for the nutritional composition of the detrital input and for the elemental composition of herbivore excretions, we cannot yet extend this understanding to predict how predation risk should affect decomposition and mineralization rates. Plant species differ in their effect on the soil environment, hydrology, microclimate, and climate. Because those factors are important determinants of decomposition and mineralization rates, changes in the relative abundance of plant species can substantially alter ecosystem functions (Eviner and Chapin 2003) . However, different plant traits can affect those factors in different ways because plant traits are not necessarily correlated, so it is not yet possible to make predictions about links between herbivore-induced changes in plant community structure and ecosystem functions. A possible way to meet this challenge is to use a functional matrix that describes the relationship between ecosystem processes and multiple continuous traits (Eviner and Chapin 2003) .
Prey Secondary Production to Food Web Dynamics
Stress responses to predation risk may alter the role herbivores play in regulating energy and material transfer from producers to upper trophic levels, potentially affecting important ecosystem properties and functions such as food chain length and decomposition rates. Conversion efficiency of resource to body tissues in each trophic coupling is generally low (20%-50% for invertebrate ectotherms, ∼10% for vertebrates, and !2% for endotherms; May 1983), leading to diminishing amounts of energy available to support progressively higher trophic levels in ecosystems. This premise has led to the classic hypothesis that primary production and conversion efficiency limit the amount of energy and material passing up food chains, which, in turn, determines food chain length (i.e., number of trophic levels; fig. 3 ). On the basis of this perspective, it was suggested that further reduction in conversion efficiency induced by stress responses to predation risk should shorten food chains (Trussell et al. 2006) . These ideas are at odds with observations that in most natural systems productivity is a poor predictor of and has a limited direct role in controlling food chain length (Post et al. 2000) . Instead, it has been hypothesized that the main factor determining food chain length is ecosystem size (Post 2002) . We suggest, however, that reduction in the conversion efficiency of resources to secondary production by stressed herbivores can reconcile those differences.
According to the classic perspective, the number of trophic levels should increase with per-unit size productivity, and the rate of increase is expected to depend on the conversion efficiencies between trophic levels. However, populations are constrained by factors in addition to productivity (e.g., large cruising predators simply need more physical space); hence, larger ecosystems are expected to support longer food chains for the same productivity per unit area ( fig. 3) . The classic idea that assumes that predators have only consumptive effects on prey would then predict that predator presence is immaterial to prey secondary production and consequently has no effect on the association between productivity and number of trophic levels (i.e., a bottom-up approach). However, the stress paradigm predicts that physiological responses to predation risk will lower prey conversion efficiency of resources to secondary production below the limitations imposed by prey identity, body mass, and exogenous factors such as temperature and resource elemental composition. Low conversion efficiencies may thus be an intrinsic characteristic of food chains of three or more trophic levels. We therefore suggest that once ecosystems reach a sufficient size to support three or more trophic levels, there should be an association between per-unit ecosystem size, productivity, and food chain length. However, the relationship between food chain length and productivity should have a much shallower slope-be more weakly correlated-than the expected association based on theoretical estimation of conversion efficiencies in the absence of risk. That is, stress responses to predation should weaken the association between food chain length and ecosystem productivity to the point where the pattern may be indistinguishable from that predicted by the ecosystem size hypothesis (Post 2002) .
Reduced conversion efficiency can also have populationlevel consequences. Altered nutrient intake and allocation due to stress responses to predation risk reduce prey development rate and reproduction and increase susceptibility to parasite infestation. Such reductions in prey fitness components lower population densities relative to riskfree populations, independently of predator consumption (Sheriff et al. 2009 ). Because lower prey density equates with lower trophic-level biomass, such population-level effects also constrain the transfer of energy and materials up the food chain. This complements the earlier hypothesis that energy transfer in ecosystems depends on the trophic structure of food webs and hence trophic cascades (Hairston and Hairston 1993; Dickman et al. 2008) .
In summary, the fact that consumptive and nonconsumptive effects of predation limit the flow of energy up the food web should reduce the realized number of trophic levels in a system and weaken the association between primary production and food chain length. Moreover, consumptive and nonconsumptive effects of predation should reduce the amount of plant material consumed by herbivores, leading to larger quantity of plant litter entering the detrital pool without being processed. Large input of plant litter entering the detritus pool may slow carbon recycling and lead to accumulation of refractory carbon (Cebrian 2004) . However, this prediction can conflict or concord with predictions that are based on stressinduced changes in the quality of detritus input and with changes in decomposition rates due to stress-induced changes in the plant community. Consequently, the stress paradigm can produce testable predictions for the quality and quantity of detrital input that enters the detritus pool via different pathways but cannot currently be used to make specific predictions about the overall elementrecycling rate. Resolving the relative importance of those pathways to ecosystem properties and function is an important research frontier that should be pursued.
Conclusions
Resource uptake, egestion, excretion, and respiration fundamentally determine the flow of energy and nutrients through ecosystems. Stress-induced perturbations to animal physiology can alter nutrient uptake and release and can, in turn, have important ramifications for the surrounding environment. In particular, chronic risk of predation can induce long-term changes in nutrient demands of prey that influence the nature of prey resource choice and thus the elemental composition of the prey and their excreta and egesta, as well as the community of resources from which they draw their nutrition. The physiological responses to stress are evolutionarily conserved and widespread among animals. Accordingly, stress physiology represents a promising fundamental mechanism to link individual-and ecosystem-level processes and allow us to understand context dependency in ecosystem processes.
